Blockade of immune checkpoint proteins (e.g., CTLA-4, PD-1) improves overall survival in advanced melanoma; however, therapeutic benefit is limited to only a subset of patients. Because checkpoint blockade acts by "removing the brakes" on effector T cells, the efficacy of checkpoint blockade may be constrained by the limited pool of melanoma-reactive T cells in the periphery. In the thymus, autoimmune regulator (Aire) promotes deletion of T cells reactive against self-antigens that are also expressed by tumors. Thus, while protecting against autoimmunity, Aire also limits the generation of melanoma-reactive T cells. Here, we show that Aire deficiency in mice expands the pool of CD4 + T cells capable of melanoma cell eradication and has additive effects with anti-CTLA-4 antibody in slowing melanoma tumor growth and increasing survival. Moreover, pharmacologic blockade of central T cell tolerance and peripheral checkpoint blockade in combination enhanced antimelanoma immunity in a synergistic manner. In melanoma patients treated with anti-CTLA-4 antibody, clinical response to therapy was associated with a human Aire polymorphism. Together, these findings suggest that Aire-mediated central tolerance constrains the efficacy of peripheral checkpoint inhibition and point to simultaneous blockade of Aire and checkpoint inhibitors as a novel strategy to enhance antimelanoma immunity.
Introduction
Augmenting endogenous antimelanoma T cell responses through blockade of immune checkpoints has proven effective as a therapeutic strategy against metastatic melanoma (1) . Ipilimumab, a mAb targeting the coinhibitory immune checkpoint protein CTLA-4 on T cells, was the first systemic treatment to show prolonged overall survival in patients with metastatic cutaneous melanoma (2) . However, anti-CTLA-4 (aCTLA-4) antibody provides disease control in only 22% of patients (2, 3) , with long-term benefit in < 10% of patients (2, 4) . Thus, for most metastatic melanoma patients, the antimelanoma T cell response after CTLA-4 blockade continues to be inadequate. Since the approval of ipilimumab by the FDA in 2011, two other immune checkpoint inhibitors, which target the coinhibitory immune checkpoint protein PD-1, have been approved on the basis of randomized clinical studies (5) (6) (7) . Despite improved efficacy with treatments targeting PD-1, many patients still have only transient responses or do not respond to these therapies. What constrains the antimelanoma effects of checkpoint inhibitors is currently unclear (8) .
Central T cell tolerance mechanisms protect against the development of autoimmunity, but also limit antitumor immunity (9) (10) (11) . A key mediator of central tolerance is the Autoimmune Regulator (Aire)
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gene, a transcriptional activator expressed predominantly in medullary thymic epithelial cells (mTECs). There, Aire promotes expression of tissue-restricted self-antigens (TSAs) so that self-reactive thymocytes that recognize these TSAs with high affinity undergo negative selection. A subset of Aire-regulated TSAs is expressed by both melanocytes and melanoma cells. As a consequence, while purging self-reactive T cells that recognize melanocyte antigens, Aire also removes T cells capable of recognizing and eradicating melanoma cells. In humans, protection from melanoma has been associated with distinct AIRE single nucleotide polymorphisms (SNPs), which can decrease stability of Aire mRNA (12) . This protection is associated with increased frequency of T cell clones recognizing MAGE-1, a self/melanoma antigen expressed in the thymus. Together, these findings support a model in which Aire deficiency prevents deletion of T cell clones that recognize self/melanoma antigens to promote a more robust T cell-mediated antitumor response.
While Aire limits antimelanoma immunity through its function in the thymus, CTLA-4 and other checkpoint proteins limit T cell responses through their activity in the immunologic periphery (13) . Upon T cell receptor (TCR) activation, T cells upregulate checkpoint proteins that attenuate the T cell response (14) . CTLA-4, for example, dampens early T cell activation by inducing inhibitory downstream TCR signaling and competitive inhibition of CD28-mediated coactivation. The distinct mechanisms of actions of Aire and checkpoint proteins led us to hypothesize that blockade of central Aire-mediated tolerance may interact with blockade of peripheral checkpoint inhibition to enhance T cell-mediated antimelanoma immunity.
We report here that Aire deficiency and aCTLA-4 antibody in combination have an additive effect in diminishing melanoma outgrowth and prolonging survival in melanoma-bearing mice. A pool of melanoma-reactive, cytolytic CD4 + T cells that escape thymic deletion in the setting of Aire deficiency are further activated by checkpoint inhibition in the periphery, leading to an enhanced antitumor effect. Additionally, combination therapy using pharmacologic depletion of Aire-expressing mTECs (15) , and inhibition of CTLA-4, significantly prolonged survival in melanoma-bearing mice compared with either strategy alone. Finally, an Aire SNP (rs1055311) is associated with response to ipilimumab therapy in metastatic melanoma patients, as part of the E1608 clinical trial, a randomized phase 2 study of ipilimumab versus ipilimumab plus GM-CSF (16) . These findings point to Aire-mediated central tolerance as a key mechanism limiting the efficacy of checkpoint inhibitors and provide preclinical evidence for combining central and peripheral tolerance blockade to expand the antitumor immune response.
Results
Aire deficiency enhances antimelanoma effects of CTLA-4 blockade in mice. A dominant Aire G228W mutation results in partial loss of Aire function (17) , and mice with one copy of this mutation (Aire GW/+ mice) have increased antimelanoma immunity (11) . We used Aire GW/+ mice to test the hypothesis that Aire deficiency and peripheral checkpoint inhibition have additive effects in increasing antimelanoma immunity. CTLA-4 is a coinhibitory immune checkpoint protein induced by T cell activation. In Aire-sufficient (WT) mice challenged with B16 melanoma, aCTLA-4 antibody administration did not alter melanoma growth or host survival ( Figure 1 , A and B), a finding consistent with previous reports (18, 19) . In Aire GW/+ mice, on the other hand, aCTLA-4 antibody decreased melanoma growth and improved host survival compared with isotype (iso) control ( Figure 1, A and B) . These results suggest that Aire deficiency and aCTLA-4 antibody administration in combination have additive effects on decreasing B16 melanoma growth and improving host survival.
Human Aire polymorphism is associated with response to aCTLA-4. We investigated whether the interaction between Aire deficiency and aCTLA-4 antibody in melanoma-bearing mice might also have relevance in melanoma patients. Monoclonal aCTLA-4 IgG1 (ipilimumab) was the first checkpoint inhibitor to obtain FDA approval for patients with advanced melanoma. However, only 10%-20% of patients respond to treatment (2, 20, 21) , and the factors that determine response are unclear. Multiple Aire polymorphisms, including one that may negatively affect mRNA Aire stability (12) , have been associated with protection from melanoma development. This suggested that Aire polymorphisms that disrupt Aire function may enhance antimelanoma immunity in humans. Based on our findings in mice, we sought to test whether Aire polymorphisms may be associated with response to ipilimumab.
We focused on 5 Aire polymorphisms (rs1800522, rs2075876, rs56393821, rs1800520, rs1055311) that have previously been associated with melanoma protection. Seventy-nine patients with metastatic melanoma participating in the E1608 study (16) were genotyped for these 5 Aire polymorphisms. All 79 patients included in this study were randomized to the ipilimumab-alone arm. The rs1055311 TT polymorphism, which has previously been associated with protection from melanoma development (12) , was present in 6 of 79 patients (7.6%). The presence of the rs1055311 TT polymorphism was associated with increased probability of progression-free survival (Fisher's exact test, P = 0.036; Figure 1C ) and trended toward increased probability of overall survival, although this did not reach statistical significance (log rank P = 0.13; Figure 1D ). A caveat of these findings is the small number of patients harboring the rs1055311 TT polymorphism, which may reflect the melanoma-protective property of this SNP. These data suggest that this Aire SNP may be associated with response to ipilimumab in metastatic melanoma and should be validated in a larger-scale study.
CD4 + T cells from Aire-deficient mice have increased cytolytic capacity. We next sought to delineate the cellular mechanism underlying enhanced antimelanoma immunity with combined Aire deficiency and CTLA-4 blockade. While it is known that Aire deficiency rescues melanoma-reactive CD4 + and CD8 + T cells from thymic deletion (10, 11) , whether enhanced antitumor immunity in Aire-deficient mice is mediated by CD4 + or CD8 + T cells is unclear. To determine this, we purified CD4 + or CD8 + T cells from either Aire GW/+ or WT littermates and transferred these cells into immunodeficient RAG −/− recipients. Recipients were then inoculated with syngeneic B16 melanoma cells. Reduced tumor growth and improved survival was associated with CD4 + T cells from Aire GW/+ compared with WT donors (Figure 2 Although CD8 + T cells are recognized as a T cell subset capable of killing cancer cells, CD4 + T cells also possess direct cytolytic capacity against tumors (22, 23) . In particular, CD4 + T cells marked by killer cell lectin-like receptor subfamily G member 1 (KLRG1) express high levels of cytotoxicity-associated genes (24) . Interestingly, frequency of KLRG1 + tumor infiltrating lymphocytes (TILs) was increased in recipients of CD4 + T cells from Aire GW/+ compared with WT donors (Figure 2E, top) . Additionally, the frequency of TILs expressing the cytolytic protein granzyme B was increased in recipients of CD4 + T cells from Aire GW/+ compared with WT donors (Figure 2E , bottom). To test whether Aire-deficient CD4 + T cells have increased cytolytic capacity, we incubated purified Aire GW/+ or WT CD4 + splenocytes with CellTrace Violet-labeled (CTV-labeled) B16 melanoma cell targets. A greater loss of B16 cells occurred with Aire GW/+ compared with WT CD4 + T cells ( Figure 2F ). Similar numbers of B16 cells remained, on the other hand, after incubation with Aire GW/+ and WT non-CD4 + T cells (Supplemental Figure 1E ). Increased B16 cytolysis by Aire GW/+ CD4 + T cells is mediated by granzyme, since addition of a granzyme inhibitor (3,4 dichloroisocoumarin) abrogated this effect ( Figure 2G ). Together, these findings suggest a critical role for cytolytic CD4 + T cells in mediating the enhanced melanoma rejection associated with Aire deficiency.
Additive effect of Aire deficiency and aCTLA-4 antibody on CD4 + T cell responses. We next examined the T cell response in Aire GW/+ mice treated with aCTLA-4 antibody. The frequency of Ki67 + CD4 + TILs was highest in Aire GW/+ mice treated with aCTLA-4 antibody, compared with iso control-treated Aire GW/+ mice or aCTLA-4 antibodytreated WT mice ( Figure 3A ), which suggests that Aire deficiency and aCTLA-4 antibody cooperate to increase TIL proliferation. Furthermore, frequency of CD4 + T cells expressing markers associated with cytolytic activity (KLRG1, granzyme B) were also highest in Aire GW/+ mice treated with aCTLA-4 antibody ( Figure 3B ). Among CD8 + T cells, Aire deficiency and aCTLA-4 antibody did not have additive effects on increasing the frequency of Ki67 + or KLRG1 + cells (Supplemental Figure 2 ). In aCTLA-4 antibody-treated mice, Aire deficiency increased the frequency of granzyme B + CD8 + T cells; notably, however, in all groups, the frequency of granzyme B + cells among CD8 + T cells was quite low (<2% on average). In sum, these findings suggest that Aire deficiency and CTLA-4 blockade have additive effects, primarily through activating CD4 + T cells.
Interestingly, aCTLA-4 antibody administration in Aire GW/+ mice increased the frequency of splenic as well as tumor-infiltrating CD4 + FOXP3 + Tregs (Supplemental Figure 3 , A-D). Furthermore, the ratio of effector-to-regulatory T cells (Teff/Treg) was similar, or lower, in Aire-deficient mice treated with aCTLA-4 antibody for both CD4 + CD25 -Teff cells and CD8 + Teff cells (Supplemental Figure 3, E and F). Thus, depletion of Tregs does not underlie the additive antimelanoma effect of Aire deficiency and CTLA-4 blockade. Aire deficiency enhances antimelanoma effects of CTLA-4 blockade in a CD4 + TCR Tg mouse model. We have previously reported that the self/melanoma antigen TRP-1 is expressed in the thymus under the control of Aire (11) . We therefore sought to determine whether TRP-1-specific T cells might underlie the additive antimelanoma effects of Aire deficiency and CTLA-4 blockade. To determine the antigen-specificity of activated cells, we used an IL-2 ELISPOT assay to detect rare antigen-specific T cells in the spleen of melanoma-bearing mice. As expected, Aire deficiency, with or without aCTLA-4 antibody administration, did not affect the frequency of IL-2-producing T cells reactive against the irrelevant foreign antigen OVA A and B) Tumor-infiltrating lymphocytes (TIL) were harvested on day 19 following B16 melanoma inoculation in WT and Aire GW/+ mice treated with aCTLA-4 or isotype control antibody (iso). Representative flow cytometry plots and average cumulative frequencies of Ki67 + (A) and KLRG1 + and granzyme B + (B) among CD4 + T cells. n = 9-12 in each group. One-way ANOVA and two-tailed t tests with P values adjusted using Hommel's correction for multiple comparisons. *P < 0.05, **P < 0.01. (C) ELISPOT with splenocytes harvested on day 14 following B16 melanoma inoculation in WT and Aire GW/+ mice treated with anti-CTLA-4 antibody (aCTLA-4) or iso. Cumulative spot forming cells (SFC)/5×10 5 cells secreting IL-2 with OVA and TRP-1 was analyzed. Each data point represents an individual animal. Oneway ANOVA and two-tailed t tests with P values adjusted using Hommel's correction for multiple comparisons. *P < 0.05.
( Figure 3C, left) . In contrast, Aire-deficient mice treated with iso control antibody harbored an expanded population of IL-2-producing T cells reactive against TRP-1. Moreover, aCTLA-4 antibody treatment of Aire-deficient mice further expanded the precursor frequency of IL-2-producing T cells reactive against TRP-1 ( Figure 3C, right) . Thus, increased melanoma rejection in Aire GW/+ mice treated with aCTLA-4 antibody is accompanied by expansion of T cells recognizing TRP-1 self/melanoma antigen.
Given this finding, we used a CD4 + TCR Tg model to test whether CD4 + T cells reactive against TRP-1 may mediate the additive effects of blocking Aire and CTLA-4 in combination. TRP-1 TCR Tg mice are an MHCII-restricted mouse model in which CD4 + T cells recognize the melanoma antigen TRP-1 (25) . In Aire sufficient (WT) TRP1-TCR Tg mice challenged with B16 melanoma, aCTLA-4 antibody administration did not affect melanoma growth or host survival ( Figure 4, A and B) . In Aire GW/+ TRP1-TCR Tg littermates, on the other hand, aCTLA-4 antibody completely prevented tumor growth, with survival of all mice up to 50 days after tumor inoculation. These findings suggest that TRP-1-specific CD4 + T cells may mediate the additive antimelanoma effects of Aire deficiency and aCTLA-4 antibody administration in combination.
Vitiligo is a T cell-mediated autoimmune condition associated with effective melanoma immunotherapy (26) . Notably, periorbital and tail vitiligo ( Figure 4C ) was observed in Aire GW/+ TRP-1 TCR Tg mice treated with aCTLA-4 antibody, reminiscent of epidermal vitiligo described in ref. 27 . These findings provide evidence that Aire deficiency and CTLA-4 blockade also have additive effects in autoimmune destruction of melanocytes.
aCTLA-4 antibody does not impair thymic negative selection of TRP-1 TCR Tg T cells. In our working model, we hypothesized that Aire deficiency and aCTLA-4 antibody have additive antimelanoma effects due to their function at distinct sites. Whereas Aire functions in the thymus, aCTLA-4 antibody functions in the immune periphery. However, it is possible that this model is incorrect and that aCTLA-4 may also function through altering thymocyte development. To test this possibility, we treated TRP-1 TCR Tg mice with either iso control or aCTLA-4 antibody. TRP-1 TCR Tg CD4 single positive (CD4SP) T cells undergo negative selection in an Aire-dependent manner (11) and therefore can be used to assess aCTLA-4 antibody effects. As expected, Aire deficiency results in defective negative selection, as demonstrated by the increased percent of CD4SP (%CD4SP) cells in thymi of Aire GW/+ mice compared with WT (Supplemental Figure 4) . In contrast, no change in %CD4SP was seen between aCTLA-4 and iso control antibody treatment in WT thymi. These findings suggest that CTLA-4 blockade does not inhibit thymic negative selection of melanoma-reactive CD4 + T cells. Instead, aCTLA-4 antibody may be functioning in an extrathymic manner to enhance antimelanoma immunity.
Aire deficiency does not exacerbate colitis severity in aCTLA-4 antibody-treated mice. Immune-related colitis is a frequent ipilimumab-mediated toxicity in metastatic melanoma patients and can be life-threatening (2, 28). Likewise in mice, intestinal mucosal inflammation in experimental autoimmune colitis is exacerbated by aCTLA-4 antibody administration (29) . Whether Aire deficiency promotes the colitogenic effects of CTLA-4 blockade, however, is not known. This question is of direct clinical relevance because exacerbation of immune-mediated adverse events is a potential limiting factor in combining CTLA-4 blockade with additional immune modulating therapies.
We utilized an autoimmune colitis model induced by adoptive transfer of naive T cells into RAG −/− recipients (30) to test the combinatorial effects of Aire deficiency and CTLA-4 blockade on colitis severity. Naive CD4 + (CD25 − CD45RB hi ) Teffs from WT or Aire GW/+ mice were transferred into RAG -/mice, and reconstituted recipients were treated with aCTLA-4 or iso control antibody. As expected based on prior studies (29) , aCTLA-4 antibody treatment of recipients reconstituted with WT cells resulted in more severe weight loss compared with no treatment or iso control antibody ( Figure 5A ). Consistent with this finding, aCTLA-4 antibody administration was associated with more severe colonic inflammation by histological evaluation than control treatment in recipients of WT cells ( Figure 5, B and C) . Importantly, weight loss and colonic inflammation was not exacerbated by Aire deficiency in donors, even if recipients were treated with aCTLA-4 antibody. Thus, in this model of immune-mediated colitis, Aire deficiency does not exacerbate the colitogenic effects of aCTLA-4 antibody treatment. This finding is consistent with previous studies reporting that Aire does not regulate development of colitogenic T cells (31, 32) .
Anti-RANKL antibody enhances the immunotherapeutic effects of checkpoint inhibition in melanoma-bearing mice. mTEC survival and Aire expression are dependent on RANKL signaling so that RANKL blockade with anti-RANKL (aRANKL) antibody depletes Aire-expressing mTECs in adult mice (15) . This loss of Aire + mTECS is associated with the rescue of TRP-1-specific CD4 + T cells from negative selection in the thymus (Supplemental Figure 5 ). aRANKL antibody thus represents a pharmacologic means to induce transient Aire deficiency through Aire-expressing mTEC depletion. Since anti-tumor effects of checkpoint inhibition could be enhanced by genetic Aire deficiency, we tested the effects of concurrent administration of aRANKL and aCTLA-4 antibodies on antimelanoma immunity. This treatment combination is clinically appealing, since aRANKL antibody is FDA approved for bone metastases, osteoporosis, and other indications, giving it a well-known safety profile (33) .
Treatment with aRANKL and/or aCTLA-4 antibodies, however, did not have additive effects on improving survival in melanoma-bearing C57BL/6 polyclonal mice (data not shown). Previous studies have shown that vaccination with B16-GM-CSF (GVAX) potentiates an anti-B16 melanoma immune response through activation of innate immune cells and enhances presentation of tumor antigens to T cells (19, 34) . Furthermore, addition of GM-CSF-secreting tumor vaccine to CTLA-4 blockade results in longer overall survival in patients with metastatic melanoma (16) . We therefore utilized GVAX-vaccinated C57BL/6 mice to evaluate the effects of aRANKL and aCTLA-4 antibodies ( Figure 6A ). C57BL/6 polyclonal mice were administered aRANKL or iso control antibody and challenged with 2 × 10 4 B16 melanoma cells. At days 3, 6, and 10 following melanoma inoculation, mice were treated with aCTLA-4 antibody/GVAX or GVAX alone. As expected from prior reports (19) , aCTLA-4 antibody/GVAX combination therapy was more effective than GVAX alone in prolonging host survival ( Figure 6B ). Of note, Figure 6 . Combination aRANKL and aCTLA-4 antibody administration enhances immune rejection of melanoma. (A) Schematic of treatment regimen, in which anti-RANKL (aRANKL) or isotype control (iso) antibody was injected every other day for 11 days, followed by s.c. B16 melanoma injection (2 × 10 4 cells) on day 18. GVAX with or without anti-CTLA-4 (aCTLA-4) antibody was given on days 3, 6, and 10 following melanoma injection. (B) Survival curves in GVAX-treated mice receiving indicated combinations of therapy. n = 10 for each group. Mann-Whitney U test. *P < 0.05. Tumor-infiltrating lymphocytes (TIL) were harvested on day 19 following 1 × 10 5 B16 melanoma cell inoculation. Representative flow cytometry plots and average cumulative frequencies of Ki67 + (C) and KLRG1 + and granzyme B + (D) among CD4 + T cells was measured. n = 9-12 in each group. One-way ANOVA and two-tailed t tests with P values adjusted using Hommel's correction for multiple comparisons. *P < 0.05.
combination therapy with aRANKL/aCTLA-4 antibody/GVAX significantly improved host survival compared with iso control/aCTLA-4 antibody/GVAX therapy or aRANKL antibody/GVAX ( Figure  6B ). This suggests that, in the context of GVAX, aRANKL antibody and aCTLA-4 antibody have additive effects in improving host survival in response to melanoma challenge.
To assess treatment effects on CD4 + T cells, we analyzed CD4 + TILs in GVAX-treated mice. Mice received either aRANKL or iso control antibody, were inoculated with 1 × 10 5 B16 melanoma cells, and then received either aCTLA-4/GVAX or iso control/GVAX. The frequency of Ki67 + CD4 + T cells was significantly higher with aRANKL/aCTLA-4/GVAX, compared with iso/aCTLA-4/GVAX therapy (Figure 6C) . Additionally, the frequency of KLRG1 + and granzyme B + CD4 + T cells was increased in the aRANKL/aCTLA-4/GVAX-treated mice compared with the control groups ( Figure 6D ). These findings indicate that aRANKL and aCTLA-4 antibodies cooperate to increase the frequency of tumor-infiltrating CD4 + T cells expressing cytolytic markers.
Discussion
We report here that genetic Aire mutations in mice and protective Aire SNPs in humans are associated with increased efficacy of aCTLA-4 antibody. Additionally, we report that pharmacologic inhibition of Aire function with aRANKL antibody is sufficient to enhance the effects of CTLA-4 checkpoint inhibition. Findings in this paper suggest a model (Supplemental Figure 6 ) in which Aire normally purges self/melanoma antigen-reactive CD4 + T cells in the thymus, which limits the number of self/melanoma antigenreactive CD4 + T cells available for peripheral activation by checkpoint inhibition. Genetic Aire deficiency or aRANKL antibody administration allows self/melanoma-reactive T cells to escape negative selection in the thymus, and the increased pool of self/melanoma-reactive T cells available for targeting by aCTLA-4 antibody enhances the efficacy of CTLA-4 blockade in immune rejection of melanoma.
In addition to aRANKL antibody, another therapeutic approach to increasing the pool of self/melanoma-reactive T cells in the periphery is through adoptive cellular transfer of self/melanoma-reactive T cells. Indeed, ex vivo expansion and reinfusion of T cells specific for self/melanoma antigens have beneficial effects for some patients who fail conventional therapy (23, 35) . Of note, recent reports have demonstrated increased efficacy of adoptive cellular transfer when combined with aCTLA-4 antibody (36, 37) . These findings provide additional supportive evidence that repopulating the periphery with self/melanoma-reactive T cells enhances the effects of CTLA-4 blockade. aRANKL antibody administration provides the advantage of being a relatively straightforward therapy when compared with adoptive cellular transfer, so it may be simpler to adapt to the clinical setting. Importantly, our data demonstrate the effects of aRANKL antibody prior to B16 inoculation. The effect of aRANKL antibody on already-established tumors will be the focus of future studies.
aCTLA-4 antibody treatment has been reported to have pleiotropic effects on T cells, which include intratumoral Treg depletion and promoting increased Teff/Treg ratios (18, 22, 38, 39) . Interestingly, however, Aire deficiency and CTLA-4 blockade in combination did not result in intratumoral Treg depletion in our studies. Instead, decreased melanoma growth with Aire deficiency and CTLA-4 blockade was associated with increased intratumoral CD4 + T cell KLRG1 expression and cytolytic protein expression. These findings add to recent reports that CD4 + T cells have direct antitumor effects, especially if clonally expanded (22, 40) , and that aCTLA-4 antibody treatment activates tumor-reactive cytotoxic CD4 + T cells (41) .
CTLA-4 blockade is associated with colitis and other immune-related adverse events (2, 28) . This finding is not surprising, since genetic deficiency of CTLA-4 in mice results in lymphoproliferation and multiple autoimmune manifestations (42, 43) . Colitis can be life-threatening and is the most common ipilimumab-related toxicity in metastatic melanoma patients. Therefore, it is important to consider whether potential treatment modalities to be used in combination with CTLA-4 blockade will exacerbate colitis. We show in this study that lack of Aire function does not add to the severity of colitis in aCTLA-4 antibody-treated hosts. This result may seem unexpected, since Aire has a well-known role in preventing organ-specific autoimmune disease (44) . Previous studies, however, have also reported that Aire does not regulate colitogenic T cell development (31, 32) , possibly because colitogenic T cells may be directed against non-self-proteins such as colonic microbiota antigens. Thus, a combination of central tolerance blockade and checkpoint inhibition may improve a therapeutic index, compared with checkpoint inhibition alone. aRANKL antibody represents a pharmacologic means to block central tolerance and can enhance the effects of checkpoint inhibitors in mice. In addition to its role in mTEC development, RANKL has a well-recognized role in the development, function, and survival of osteoclasts (45) . For these effects, aRANKL antibody (denosumab) is FDA-approved for treatment of osteoporosis in postmenopausal women (46) and of other bone-related diseases (33) . There is therefore substantial clinical experience with aRANKL antibody in patients, which should facilitate clinical testing to repurpose aRANKL antibody as an immunotherapy for the treatment of metastatic melanoma. Because the thymus involutes with age, whether thymus output can be manipulated in adults for therapeutic purpose is an open question. The median age at diagnosis of melanoma is 59 years, when thymic function is often assumed to be minimal. Multiple studies in mice and humans suggest that thymic function remains active in adults. Thymic output has been reported to continue in aged mice (47) , and thymic function is measurable in adult humans up to age 76 (48) . Our data that aRANKL antibody increases thymic output of TRP-1-specific T cells in adult mice (Supplemental Figure 5 and ref. 15 ) support the possibility that thymus function can be altered for therapeutic purpose in adults. Of note, a case report of a patient with metastatic melanoma who was concomitantly treated with aRANKL and aCTLA-4 antibodies also supports further study of this combination therapy (49) .
Finally, checkpoint inhibitors have been shown to have therapeutic effects in a number of different cancers, including prostate and renal cancer (50) . Thus, central tolerance blockade by aRANKL as a strategy to enhance the efficacy of checkpoint inhibition may be relevant in multiple cancer settings.
Methods
Mice. C57BL/6 Aire GW/+ mice (17) and C57BL/6 Aire GW/+ TRP-1 TCR Tg RAG −/− mice (11) were housed and bred in sterile, specific pathogen-free mouse facilities at the University of North Carolina at Chapel Hill and UCSF. C57BL/6 Aire WT littermate controls were used in all experiments. RAG1 −/− mice were purchased from the Jackson Laboratory.
Antibodies and flow cytometry. Anti-CD4 (clone RM4-5), anti-CD3 (clone 145-2c11), anti-Ki67 (clone SolA15), anti-KLRG1 (clone 2F1), anti-granzyme B (clone NGZB), anti-FOXP3 (clone FJK-16s), and anti-CD25 (clone PC61.5) antibodies were purchased from eBioscience. Anti-CD8a (clone 5H10) antibody was purchased from Invitrogen. Intracellular staining for cytokines and FOXP3 were performed as in ref. 11 . All samples were run on a Dako CyAn flow cytometer (Beckman-Coulter) and analyzed using FlowJo (TreeStar Inc.).
Isolation of TILs. TILs were isolated as previously described (11) . Tumors were dissected and minced before incubation with collagenase type I/IV and DNase I. Lymphocytes were then enriched on Percoll density gradient prior to flow cytometric analysis.
B16 melanoma and antibody administration. B16-F10 is a TRP-1-expressing C57BL/6-derived spontaneous melanoma cell line originally purchased from the American Tissue Culture Condition. B16 melanoma cells were cultured as described in ref. 51 . Mice were injected s.c. with 1 × 10 5 B16 melanoma cells as in ref. 11 . Tumor measurements and survival were determined as described in ref. 15 .
For immunotherapy experiments, aCTLA-4 mAb (clone 9D9; 100 μg/mouse, BioXcell) or IgG iso control antibody (clone MPC-11; 100 μg/mouse, BioXcell) were injected i.p. on days 3, 6, and 9 following B16 melanoma cell injection as described in ref. 52 . For combination antibody administration experiments, aRANKL antibody (clone IKK22/5; 100 μg/mouse, BioXcell) or iso control antibody (clone 2A3; 100 μg/ mouse, BioXcell) was injected every other day for a total of 6 doses. Nineteen days following treatment initiation, mice were s.c. injected with 2 × 10 4 B16-F10 melanoma cells for survival analysis and 1 × 10 5 for immune-phenotyping. On days 3, 6, and 10 following melanoma inoculations, aCTLA-4 antibody/GVAX therapy was administered as described in ref. 19 .
Adoptive transfer of magnetically isolated (using Miltenyi Biotec beads) CD4 + and CD8 + T cells from the spleen of WT and Aire GW/+ mice was performed in a 1:1 donor/recipient ratio into C57BL/6 RAG −/− recipients using a retro-orbital i.v. route of injection. After 7 days, recipients were injected s.c. with 1 × 10 5 B16-F10 melanoma cells. Tumor growth, survival, and development of vitiligo were monitored daily.
In vitro B16 cytotoxicity assay. Splenocytes from WT and Aire GW/+ melanoma-bearing C57BL/6 mice were purified using CD4 beads (Miltenyi Biotec) and cultured in vitro with 5 μg/ml TRP-1 peptide at 37°C. Following overnight incubation, peptide-primed CD4 + and non-CD4 + T cells were harvested and used for in vitro cytotoxicity assay with B16-F10 melanoma cells. To determine in vitro killing of tumor targets, B16 cells were loaded with 0.5 mM CTV and coincubated for 12-14 hours with peptide-primed CD4 + and non-CD4 + cells. Proliferation of CTV B16 cells was analyzed by flow cytometry and quantified
